Abstract Lignocellulosic biomass has been proposed as an option for reducing global dependence on nonrenewable energy sources, such as oil. Selection and development of biomass feedstocks that efficiently yield the maximum fuel or biomaterial requires the availability of reliable methods for compositional and structural characterization of plant material. Many standard methods for biomass analysis are laborious and slow, and employ a variety of harsh reagents requiring some degree of remediation. The use of simpler and more rapid spectroscopic methods has proved invaluable in analyzing biomass. In the twenty-first century, researchers have employed techniques such as Raman, mid-infrared, and near-infrared spectroscopy for a wide range of applications in endeavors to further understand biofuel feedstocks. While many methods remain time consuming and expensive, a growing interest in high-throughput spectroscopic techniques has provided faster and larger scale feedstock screening for desirable traits. This review seeks to provide an overview of both high-throughput techniques and those requiring longer analysis times but still providing abundant qualitative and quantitative data. While applications of these instrumental methods have been researched for decades, more recent developments will be discussed here.
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Background
The conversion of lignocellulosic biomass to diverse fuel sources is considered one possible solution to supplant world dependence on fossil fuels due to abundant biopolymers, cellulose, and lignin. Perlack et al., in a 2011 update to the 2005 US Department of Energy Billion Ton Report, estimated that the available biomass from agricultural and forest crops including wastes plus dedicated energy feedstocks, in the US, is between 400 and 600 million tons at a cost of $60 per dry ton or less [1, 2] . To eliminate the fuel versus food dichotomy, the use of first generation crops such as corn has declined, while research on second generation feedstocks such as poplar, switchgrass, Miscanthus, and eucalypts (e.g., Eucalyptus, Corymbia) has expanded [1] [2] [3] [4] [5] [6] [7] [8] . The National Academy of Science predicts available cellulosic biomass by 2020 to be 548 million tons without impact on food production [9] . Before plants can be deemed suitable for biofuels, they must be structurally and compositionally characterized such that feedstocks can be selectively screened for the presence of quintessential fuel-producing traits. Less ideal energy-dedicated crops can be genetically tailored to contain these key attributes, such as high cellulose and low or easily degradable lignin contents [2] [3] [4] 10] .
High-throughput screening techniques are necessary such that vast quantities of raw and genetically tailored feedstocks can be assessed both at the research and development stage and in later routine commercial production and processing. Current wet chemical techniques for studying biomass composition are laborious and generally require harsh reagents such as acetyl bromide [11] [12] [13] , sulfuric acid [14] [15] [16] [17] [18] [19] [20] , trifluoroacetic acid [16, 21, 22] , boron trifluoride etherate in thioacidolysis [23, 24] , and nitrobenzene [11, 25] . Analytical techniques such as high-performance liquid chromatography (HPLC) [17, 19, 20, [26] [27] [28] [29] [30] [31] [32] , gas chromatography(GC) or GC/mass spectrometry (GCMS) [33] [34] [35] [36] [37] [38] [39] , pyrolysis (pyro) GCMS/molecular beam (MB) MS [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] , thermogravimetric analysis [52] [53] [54] , and nuclear magnetic resonance (NMR) [34, require tedious sample preparations, long analysis times, and/or can destroy the sample in the analytical process. Chemometrics has alleviated some of these obstacles through the marriage of standard analytical techniques with spectral data from high-throughput, spectroscopic instrumentation [105] [106] [107] [108] [109] . After performing the standard technique once, future sample parameters can be predicted by inserting spectral data into robust calibration models. For example, by rapidly predicting the chemical composition of feedstocks, pretreatment and saccharification methods can be tailored to ensure efficient hydrolysis. Analytical techniques capable of monitoring online structural changes during biomass pretreatments or rapidly quantifying hydrolysis and fermentation products such as glucose and ethanol are required in production management. Applications of high-throughput, non-spectroscopic methods have also been developed [14, 26, 27, 30, 41, 47, 48, [110] [111] [112] . Table 1 provides a guide for reference and spectroscopic techniques used in analyzing biomass, while Table 2 depicts some of the key advantages and disadvantages encountered when selecting appropriate analytical methods.
The use of spectroscopy can provide noninvasive, highthroughput, techniques requiring little to no sample preparation and qualitative and quantitative data from on-or offline processes. The development of instrumentation utilizing fiber optics has enabled advances in portable and process chemical applications [113] [114] [115] [116] [117] [118] . The focus of this review is to provide a sampling of recent, spectroscopic methods for studying lignocellulosic biomass. Although applications of common spectroscopic instrumentation such as NMR are discussed, the emphasis will be on methods with highthroughput capabilities. For a detailed analysis of spectroscopic fundamentals and instrumentation, the reader is referred to various informative resources [80, 105, 108, 113, 116, 117, [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] .
Raman Spectroscopy
When an analyte is measured spectroscopically, light interacting with the sample can be absorbed, transmitted, or scattered.
Raman spectroscopy measures the light scattered from a molecule when irradiated with a light source, commonly a laser [124, 128] . When the laser interacts with the sample, the electron cloud is perturbed and excites the molecule to a short-lived "virtual state" as there is insufficient energy to promote the molecule to a higher energy level. If the energy of scattered photons differs from incident photons, an energy transfer has occurred, leading to Raman scattering, an inherently weak process, resulting for about 1 in every 1-100 million photons. Nonetheless, Raman spectroscopy is nondestructive, requires little to no sample preparation, provides high spectral resolution, is not inhibited by the presence of water in samples, offers field portability, and can provide abundant qualitative and quantitative information. A key experimental parameter when developing Raman applications is the selection of excitation wavelength. Many compounds in biomass exhibit significant and detrimental spectral contributions from laser-induced fluorescence, which can often obscure analyte signal. To combat fluorescence interference, the use of near-infrared (NIR) wavelengths is often employed. Applications of Raman spectroscopy to biomass have previously been reviewed [119, 131, 132] .
Fourier Transform Raman Spectroscopy
The use of Raman spectroscopy for studying lignocellulosic biomass has become widespread in the literature, with the majority of research exploring the applicability of Fourier transform (FT) Raman spectroscopy for woody feedstock analysis [97, 119, . Agarwal and coauthors have developed FT-Raman spectroscopy for a variety of applications [119, [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] . Milled wood lignin (MWL) from black spruce, loblolly pine, sweetgum, and aspen were analyzed, and band assignments were determined for each analyte [137] . The authors found that band positions were similar between the hardand softwoods, although the softwood spectra revealed unique peaks at 384, 557, and 1,298 cm −1 , while peaks at 417, 431, 447, 472, 503, 522, 597, and 1,156 cm −1 were present solely in hardwoods. The 2,940-cm −1 vibrational mode characteristic of aliphatic C-H bonds was more intense in hardwoods due to a higher degree of aromatic methoxy groups from syringyl moieties. In the most intense region of lignin spectra, peaks near 1,662 and 1,621 cm −1 were assigned to C=C bonds in coniferyl alcohol and C=O bonds in coniferaldehyde, and ringconjugated C=C bonds in coniferaldehyde, respectively. Hardwoods would, likewise, have signal generated from sinapyl alcohol and sinapaldehyde. The MWLs were subjected to various chemical treatments (alkaline bleaching, diimide hydrogenation, acetylation, and methylation), and the spectra were compared to investigate treatment-induced structural changes. Lignin was also quantified using the ratio of the lignin 1,600 cm [134, 143] . Chundawat Table 1 Standard and spectroscopic methods for biomass analysis et al. used FT-Raman spectroscopy to gauge lignin removal during ammonia fiber explosion (AFEX) pretreatment of corn stover [97] . Lignin peaks (1,600 and 1,635 cm ) were about three times higher in the control compared to treated samples. The authors also noted that residual lignin had less ferulate and p-coumarate moieties through analysis of the 1,170 cm −1 cinnamoyl ester band.
FT-Raman spectroscopy was used to explore the phenomenon known as "self-absorption," which refers to the absorption of scattered photons by the analyte, leading to decreases in spectral intensities [136] . The 2,895-cm −1 C-H stretching region was most affected by self-adsorption, and the authors established that cellulose, not lignin, was the cause. A previous study had determined this peak to specifically be from cellulose [138] . In addition, the most intense lignin peak did not change in intensity. Spectral suppression, or reduction in peak intensity, was further determined to result from hydroxyl groups in polysaccharides and water. The calculation of cellulose crystallinity index (CrI) by a variety of techniques has led to widely ranging indices [23, 24] NMR [63, 83, 94] FT-Raman [148, 161, 162] Nitrobenzene [25] FTIR [51] Dispersive Raman [73] Cupric oxide [25, 272] NIR [24, 222, 246] PyroGCMS [44, 51, 64, 84, 85] Structural analysis Functionality specific reactions [273] [274] [275] [276] [277] FTIR [61, 62, 67, 69, 78, 89, 154, 175, 176, 184, 202, 204, 210, 214] FT-Raman [164] PyroGC [65] FT-Raman [97, 119, 132, 133, 137, 139, 146, 164] FTIR [208] Dispersive Raman [73, 171, [174] [175] [176] Raman Imaging [191] [192] [193] [194] [195] [264] Fluorescence [236, 237] PyroMBMS [48, 50] [126, 236] • Requires molecule to have fluorophore, whether intrinsically or through labeling [236] • More selective than absorbance [125] • 2-3 orders of magnitude more sensitive than UV-VIS absorbance analysis [125] • Nondestructive [236, 237] FTIR spectroscopy
• More intense spectra generated than in Raman spectroscopy; fundamental vibrations [124, 128] • Spectra are very sensitive to presence of water [124, 128] • Complimentary to Raman spectroscopy [124, 128] • May require specific sample preparation such as with KBr [119] • High-throughput capabilities [206, 217, 218] • Nondestructive [131, 211] NIR spectroscopy
• Lower cost, simple instrumentation [122, 129, 254] • Spectra are less intense those from FTIR analysis [113] • Little to no sample preparation required [254] • Only C-H, O-H, N-H, and S-H moieties measured [122] • Water compatible [124] • Requires deconvolution, often with chemometrics [108, 113, 254] • Field-portable [113] • Calibration [113] • Amenable to process analytics, fiber optics [113, 130, 254] • High-throughput [29, 215, 227, 248] • Nondestructive [248, 254] NMR spectroscopy
• Excellent, detailed structural analysis [80] • May require long analysis time [73] • Noninvasive [80] • Spectra often have considerable peak overlap, especially in the lignin region [80, 102] • Nondestructive [80, 126] • Less sensitive than other spectral techniques [80] • Quantitation does not require pure calibration standards [126] • Expensive [126] Raman spectroscopy • Not hindered by presence of water [73] • Weak signal [128] • Relatively little to no sample preparation [73] • Stray light into the spectrometer must be prevented [121, 124] • Can measure solid, liquid, or gas [124, 128] • Fluorescence can dwarf Raman intensities [171] • Nondestructive [73] • Field-portable [115, 118] • Amenable to process analytics [117, 130] • Multiple excitation sources, so analysis can be tailored to analyte (UV, VIS, NIR) [121, 124] • Surface enhancement using noble metals (SERS, SERRS) [128] • Complimentary to FTIR [128] • High-throughput [73, 148, 150] UV-VIS spectrophotometry
• Lower cost, simple instrumentation [126] • Limited qualitative analysis applications since low absorption maxima and minima [126] • Convenience [126] • Accuracy [126] • Selectivity [126] • Good sensitivity [126] • Nondestructive [89] LC • Applicable to wide range of molecular polarities [280] • Time consuming analysis depending on matrix complexity, and desired separation [27, 111] • Can separate thermally unstable or non-volatile molecules [281] • Sample clean-up required [173] Bioenerg. Res. (2014) 7: reported in the literature [62, 63, 79, 88, 91, 140, 142, 144, 155-157, 165, 166] . A technique was developed using FTRaman spectroscopy coupled with univariate and multivariate analysis [140, 142] . Univariate analysis consisted of comparing the ratio of the 380 and 1,096 cm −1 bands. A calibration was generated that provided good correlation (R 2 =0.992) and higher accuracy than the wide-angle X-ray scattering (WAXS) technique. The multivariate analysis coupled FT-Raman spectra with either the WAXS or univariate Raman crystallinity indices. The univariate-Raman-partial least squares (PLS) model proved superior when compared to the WAXS PLS model, showing the extension of FT-Raman spectroscopy to CrI estimation.
Schenzel et al. also developed a CrI calculation technique using FT-Raman spectroscopy [156, 157] . The ratio of intensities from vibrational modes at 1,481 and 1,462 cm −1 was compared, as these were identified as crystalline and amorphous cellulose, respectively. The measured CrIs showed reasonable linear correlation with results obtained using NMR spectroscopy. Schenzel and coauthors also rapidly quantified the transformation of cellulose I to cellulose II using FTRaman spectroscopy and PLS regression [155] . Cellulose structural transformation during AFEX treatment of corn stover was monitored using the ratio between the 350 and 380 cm −1 vibrational modes, again, showcasing the utility of FT-Raman spectroscopy for examining conversion of cellulose crystalline forms. The standard techniques for analyzing cellulose transformation include NMR and WAXS, and are laborious and costly [155] . The ratio of syringyl (S) to guaiacyl (G) lignin in plant cell walls has been shown to be a valuable assessment of lignin degradability, as S lignin is more reactive [167, 168] . The quantitation of S, G, and p-hydroxyphenol (H) lignin can allow the classification of plants into gymnosperm (G lignin), angiosperm (S-G lignin), and herbaceous (S-G-H lignin), with some exceptions, such as eucalypts, which are classified as angiosperms but are known to contain H lignin [94, 169, 170] . Sun et al. developed a rapid technique for determining S/G ratios in a variety of feedstocks including Eucalyptus and Arabidopsis [161] . Spectral regions corresponding to S and • Requires volatile analytes whether naturally or through derivatization [27] • Limited sample clean-up required, if using technique like headspace GC [173] • Can require extensive sample preparation [27, 282] • Sharper peaks/better resolution than LC [282] • Time consuming analysis depending on matrix complexity, and desired separation [173] • Destructive [282] Pyrolysis GCMS/MBMS
• Requires little sample/sample preparation [49] • Destructive [44] • Easy sample preparation [49] • Complex data analysis [44] • Lignin does not need to be isolated [44] • Provides structural information of major pyrolysis products [49] • Can be high-throughput [47] TGA
• Rapid compared to standard techniques for biomass analysis [52] [53] [54] • Destructive [52] [53] [54] • Good for polymers such as cellulose and lignin [53] • Limitations since temperature variation must cause change in analyte mass [ 
53] XRD
• Popularity in literature [79] • Low resolution/specificity [79, 91] • Only technique capable of yielding qualitative/ quantitative data of compounds in a mixture [126] • Texture detrimental to analysis of CrI [79] • Qualitative/semi-quantitative analysis [79] • Safety
Wet chemistry (acidolysis, thioacidolysis, nitrobenzene oxidation, acid hydrolysis, etc.)
• Well established and accepted techniques [283] • Laborious [73] • Toxicity [20, 28, 283] • Do not account for all lignin [283] G lignins were determined from commercially prevalent model compounds and then used in deconvoluting the Raman spectra. The results were compared with those obtained from pyroGCMS, and a calibration equation was generated with good correlation (R 2 =0.983). Contributions from cellulose were problematic, however, in the spectral regions used for S and G lignin quantitation which could have led to the higher ratios calculated from the Raman spectra.
Ona et al. have also explored the use of FT-Raman for the quantitation of the S/G ratio in Eucalyptus using second derivative Raman spectra coupled with thioacidolysis results to construct a PLS regression model with a prediction coefficient of determination of 0.935 [148] . Other applications of FTRaman spectroscopy coupled with PLS for high-throughput prediction of useful metrics developed by Ona et al. include the determination of hemicellulosic neutral sugar composition [150] and the analysis of wood constituents (holocellulose, α-cellulose, hemicellulose, lignin, extractives, etc.) [149, 152, 153] . The coefficient of determination for the analysis of hemicellulosic sugars ranged from 0.347 for mannose to 0.800 and 0.939 for glucose and xylose, respectively, indicating good screening utility for the more abundant monosaccharides [150] . Remarkably, the models containing wood constituents all produced quantitative calibration correlation (>0.99), but the prediction correlation ranged sporadically from 0.209 (extractive free hemicellulose) to 0.902 (holocellulose), indicating screening potential, but limited quantitative capability [149] . A similar study was later performed to assess Eucalyptus viability for kraft pulp production [153] . An extensive analysis of chemical and physical properties of these woods included mono-and polysaccharide, lignin, and extractive contents, lignin S/G ratio, as well as basic density, ray/axial parenchyma, vessels, fiber, and cell wall, content and dimensions.
Another noteworthy study using FT-Raman spectroscopy measured 98 temperate hard-and softwoods, and Brazilian and Honduran tropical woods [147] . A pattern recognition genetic algorithm was developed to draw out key spectral characteristics for each wood type. The identification of these features enabled clustering by type using principal component analysis (PCA). The calibration model was validated using a separate set of ten wood spectra. The genetic algorithm identified eight essential spectral features, which allowed distinct classification clustering in PCA. FT-Raman spectroscopy allowed the identification of characteristic vibrational modes from substances such as carbohydrates, polyphenols (i.e., flavonoids), terpenoids, and alkaloids in a variety of plants [158] . The authors used a combination of spectroscopy and hierarchal cluster analysis to produce a reliable, high-throughput technique for chemotaxonomy characterization. Larson and Barsberg measured model lignin monomers and developed an extensive evaluation of vibrational mode assignments using both FT-Raman spectra and density functional theory (DFT). DFT allowed for an accurate prediction of a molecule's vibrational modes based upon what are termed first principles or basic electronic structure theory [146] .
An application of FT-Raman for ethanol production process control was exemplified by the development of principal component regression (PCR) and PLS techniques using the simultaneous quantitation of glucose and ethanol with FTRaman spectroscopy, coupled with a parallel HPLC analysis for calibration. The authors report significant linear correlations using a variety of calibration techniques (R 2 =0.9 or greater) [160] . Online process monitoring of fermentation is becoming routinely utilized in many industrial settings. Lastly, FT-Raman spectroscopy was used to study carbonyl groups in synthesized and conifer lignin after reduction/oxidation [164] .
Near-Infrared Dispersive Raman Spectroscopy
Recent advances in near-infrared, dispersive Raman spectroscopy have elucidated key attributes for biomass analysis. A homebuilt, near-infrared, dispersive, multichannel Raman spectrometer was shown to provide superior spectral resolution to FTRaman after 15 s acquisition time when measuring lignin and lignin model compounds with 1,064 nm excitation [171] . This instrumentation was also employed in the study of a variety of feedstocks with emphasis on herbaceous plants such as switchgrass and Miscanthus [73] . Raman spectra were coupled with S and G lignin content determined by thioacidolysis extraction, and detection with GCMS. A robust PCR model allowed for the rapid, accurate prediction of S and G lignin for most of the feedstocks (R 2 =0.985-0.986). Near-infrared Raman spectroscopy using 785 nm excitation has been used to quantify glucose (detection limit=3±2 mg mL −1 ) and xylose (detection limit=1±1 mg mL −1 ) simultaneously using a multi-peak fit, measure ethanol (detection limit=6 mg mL −1 ) in complex reaction matrices, and gauge which biomass pretreatment/extraction methods lowered detection limits [172, 173] . It was determined that soaking in aqueous ammonia (SAA), thereby removing lignin from plant cell walls, or extracting with water, ethanol, or hexane significantly reduced glucose detection limits (SAA detection limit=5 mg mL ). Li et al. used 785 nm excitation to study lignin depolymerization during ionic liquid and dilute acid pretreatments of pine, Eucalyptus, switchgrass, and AFEX pretreatment of corn stover [174] [175] [176] . The results illustrated that ionic liquid pretreatment improved saccharification yields through lignin removal. The use of online 785 nm excitation Raman spectroscopy was used to investigate the production line from wood to cellulose fiber [177] . This analysis included lignin, cellulose, and resin distribution in the cell wall, additives found inside regenerated cellulose fibers, and online monitoring of magnesium sulfite hexahydrate trihydrate phase transition during the SO 2 recovery cycle of the acidmagnesium bisulphite pulping reaction.
Surface Enhanced Raman Spectroscopy
The application of surface-enhanced Raman scattering (SERS) using silver particles to MWL isolated from black spruce was also studied [141] . SERS has previously been shown to enhance the signal of an adsorbed (or in close proximity) analyte due to the electric field generated from the metal. This allows the enhanced detection of weak Raman scatterers. Although some MWL peaks were clearly enhanced between 250 and 1,800 cm
, other spectral features appeared to be lost or significantly broadened. This included the most intense lignin spectral region near 1,600 cm . The authors also investigated the use of SERS on Wiley-milled wood and concluded that SERS presents a viable technique for selectively measuring lignin in wood samples without first isolating the lignin. More research is needed in the application of SERS to lignocellulosic biomass, given the inherent problems in reproducibility and spectral analysis [128] .
Resonance Raman Spectroscopy
In resonance Raman (RR) spectroscopy, there is an overlap between an electronic transition of an analyte and the excitation wavelength selected by the analyst [124, 128] . This results in the promotion of the molecule to real rather than "virtual" electronic states, producing more intense Raman spectra, a higher degree of selectivity since solely molecules with electronic transitions near the excitation wavelength will be enhanced, and an elimination of interfering fluorescence. A novel application of RR spectroscopy using visible excitation was developed for the study of lignin radicals [178] . These radicals are known to be intermediate species in the formation/enzymatic degradation of lignin and provide insight into the mechanisms by which lignin is naturally synthesized or depolymerized. A lignin radical band was detected at 1,570 cm −1 , regardless of the feedstock. Bands at 1,597 and 1,599 cm −1 were found to represent G and S lignin radicals, respectively. This work was a follow-up study to an earlier publication where the authors show the utility of RR spectroscopy for selectively enhancing lignin spectral intensities using 400 and 500 nm excitation, although the excitation profile at the latter wavelength is reduced such that not all lignin groups are enhanced [179] . Fluorescence was prevented by Kerr gating. The authors used RR difference spectra to probe the structural changes caused by enzyme-mediator systems such as laccase-2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid). Syringyl groups were found to contribute significantly to spectra collected using 400 nm excitation. A similar application was employed by Saariaho et al. [180] and Jaaskelainen et al. [181] . Lignin detection in chemical and thermomechanical pulps was resonantly enhanced using 400 and 470 nm excitation, elucidating weak spectral features and allowing the identification of new structures formed during the reactions. Ultraviolet resonance Raman (UVRR) spectroscopy has also been used in the analysis of biomass, specifically lignin, due to an electronic absorption in this region [13] . Due to the higher energy of ultraviolet wavelengths, photodegradation of the sample must be prevented, often through the use of rotating stages and low laser powers. Saariaho and coauthors have been one of the leading teams developing UVRR for lignin and lignin model compounds analysis [182, 183] 
. Polysaccharide peaks, which would overlap many of these spectral regions using visible or NIR excitation, were minor, such that these spectral regions could be applied to whole wood samples. PLS was used to develop a model capable of finding key spectral signatures for a variety of lignin model compounds, including condensed, conjugated, and stilbene model compounds.
UVRR spectroscopy was used for analyzing tropical hardwoods, identifying extractable components in wood, and studying changes in pine chemical structure after heat treatment [78, [184] [185] [186] . A PCA analysis of UVRR tropical hardwood spectra allowed the determination of characteristic vibrational modes using loadings and scores plots [78] , while measurement of hexane and acetone-water extracts revealed lipophilic and hydrophilic molecules, respectively, such as resin, fatty acids, oleophilic structures, and bands similar to those of pinosylvin [185, 186] . UVRR spectra showed that lignin was somewhat soluble in acetone when heated to 180°C, and that once soluble lignin was removed from pine, the unextractable lignin structure was unaltered [184] .
Other uses of UVRR include the study of bleaching and photoyellowing of thermomechanical pulps [180, 187] , the effects of bleaching on residual lignin [188] , and the photodegradation of hard-and softwood lignin with a UV laser [189] . These studies showed the applicability of UVRR to identify degradation products while also monitoring temporal changes in the biomass. Additionally, Jääskeläinen et al. developed a novel, rapid technique for quantifying lignin and hexenuronic acids in bleached hardwood kraft pulps [190] . The authors relate that most lignin quantitation methods were developed on unbleached pulp, and therefore suffer in accuracy when bleached pulps are measured. Lignin contents were determined from the peak height of aromatic bands in UVRR spectra, even when the total lignin content was less than 1 %. Experimental lignin contents were found to linearly correlate with kappa number (R 2 =0.905) and lignin kappa number (R 2 =0.988).
Raman Microscopy
Raman microscopy has been used to image biomass in real time while being chemically pretreated, as well as compare the molecular and chemical structures of different feedstocks [191] [192] [193] [194] [195] [196] . The distribution of cellulose and lignin in various corn stover fractions, using hyperspectral Raman imaging, showed distinct differences in cell wall composition depending on the portion of the plant [194] . Lignin and cellulose content were highest in sclerenchyma cells and tracheids and lowest in parenchyma cells. The mapping technique was extended to Eucalyptus globulus and accentuated differences in lignin structure. Confocal Raman microscopy allowed the effects of ionic liquid (IL) pretreatment of corn stover to be visualized [195] . The authors developed an appropriate spectral subtraction method to remove intense IL spectral bands and monitored temporal, cell wall, and compositional changes. Dissolved cellulose and lignin were removed, allowing residual solids to be imaged as the IL pretreatment progressed. Cell wall swelling occurred mainly in the secondary wall, whereas the IL did not cause significant swelling in the compound middle lamella. Sclerenchyma cells and tracheids showed increased disfigurement from the IL pretreatment, relative to parenchyma cells. Solubilization of lignin rapidly occurred in the secondary walls, without cellulose dissolution, while both lignin and cellulose were quickly removed from tracheids. Cellulose nanocrystals (CNCs) from wood pulp and microcrystalline cellulose, and CNC-polypropylene (PP) composites were studied using Raman mapping [196] . CNCs were shown to aggregate in PP, leading to poor overall spatial distribution. Materials made from renewable substances like CNC-composites are of growing interest, as they have potential to replace materials made from petroleum.
Summary
Applications concerning lignocellulosic biomass structure, degradation, product formation, etc., show the powerful capability of Raman spectroscopy to provide both detailed qualitative information and, in some cases, high-throughput, quantitative results. The crucial difference in these analyses stems from the researchers' choice of excitation wavelength. It is apparent that with further developments in Raman spectroscopy field portability, [114, 115, 118] coupled with the power of chemometrics to extract and process useful data rapidly [107] , Raman spectroscopy will continue to grow as a high-throughput analytical tool.
Fourier Transform Infrared Spectroscopy (∼2,500-25,000 nm)
Fourier transform infrared spectroscopy (FTIR), another nondestructive analytical tool, is considered to complement Raman spectroscopy, since vibrational modes that are Raman active often are weak in infrared spectra, and vice versa. This is due to a difference in the selection rules. In Raman spectroscopy, a change in the polarizability (electron cloud distortion) is paramount to obtaining signal, while a dipole change is required for a vibrational mode to be infrared active. Another difference between the two techniques is that in IR spectroscopy, molecules are promoted to higher energy levels, while in Raman spectroscopy, a molecule is promoted to a short-lived "virtual" state and immediately relaxes. Due to the differences in the characteristic spectra of a molecule, conjunctive use of the two techniques can provide a better overall structural analysis [119, 120, 128] . FTIR spectroscopy has often been used for analyzing biomass structure and monitoring changes that occur from physical and/or chemical treatments [ [131, 216] . Çentiköl and coauthors used FTIR spectroscopy to study structural changes following pretreatment of Eucalyptus with ionic liquid [62] . Peaks associated with C=O stretches in ketones, esters, and carbonyls, as well as C-O modes in syringyl lignin were found to decrease in intensity; however, the complex nature of plant cell walls prevented direct analysis of the chemical changes using solely FTIR spectroscopy. Attenuated total reflection-FTIR spectroscopy was also used to elucidate the chemical/physical changes of corn stover following AFEX pretreatment [175] . The ratio of peak areas from the 1,510 to 900 cm −1 bands was used to calculate the lignin/cellulose content. This ratio decreased from 0.58, before pretreatment, to 0.11 after AFEX treatment. A comparison between FTIR spectra of untreated and dilute acid pretreated switchgrass showed the lignin/cellulose ratio (using the 1,510/900 cm −1 peak area ratio) to increase from 0.49 to 0.67 after acid treatment, while IL treatment lowered the ratio to 0.13, indicating significant lignin removal [176] . PCA and FTIR spectral data were used to classify tropical hardwoods [78] . Loadings plots for different PCs were used to determine key spectral differences among the samples, which included C=O, C-O, and C-O-C moieties from xylan, S and G lignin, tannin, and C-O stretches of alcohols, ethers, and carbonyl groups. Differences in lignin and carbohydrate structure could be visually identified from the spectra, such as S/G lignin and acetyl groups in xylan. FTIR microspectroscopy was used to monitor the effects of photo-induced degradation on sugi sapwood [207] . The authors illustrate measuring the depth of degradation into the wood with irradiation time. FTIR and neural network algorithms allowed the classification of mutant maize cell wall components during development [209] .
FTIR and PLS allowed the determination of key chemical parameters in two energy grasses that could be extended to the rapid screening of other feedstocks in determining biomass conversion-to-fuel suitability [199] . Prediction models for nitrogen content and alkali index showed coefficients of determination of 0.938 and 0.937, respectively. The authors attempted to predict carbon and ash content with less success (R 2 =0.568, 0.482), although further optimization is planned to improve model robustness.
Photoacoustic FTIR spectroscopy coupled with PLS was employed for hard-and softwood compositional analysis [217] . This technique was chosen due to lack of morphological sensitivity, the probing of larger sample quantities, and little to no sample preparation required, significantly increasing analysis throughput. Spectral data were combined with capillary zone electrophoresis carbohydrate quantitation, and with wet chemical determination of kappa number, to construct PLS predictive models. Prediction of xylose, glucose, mannose, arabinose, galactose, hexeuronic acid, as well as kappa numbers was shown to be reasonably accurate (R 2 =0.74-0.93). The model was extended to xylan, glucomannan, and cellulose prediction. Jones et al. used online thermal emission mid-IR spectroscopy to determine the composition of a moving stream of 96 hard-and softwood chip samples [206] . PLS was used to predict glucan, hemicellulose, lignin, and extractives from a calibration model consisting of the spectral data and reference values, with softwood hemicellulose and lignin showing the most accurate predictions. Transmission and diffuse reflectance FTIR coupled with PLS regression enabled predictions of extractive, lignin, and carbohydrate contents and basic density of pine [218] . The diffuse reflectance model was preferred due to facile sample preparation. Correlations ranged from 0.58 (carbohydrates) to 0.87 (extractives, basic density).
FTIR has also been used for quantitation of sugars in pretreated biomass liquors [211] . Glucose, xylose, mannose, galactose, 5-hydroxymethyl-2-furfural, and acetic acid were quantified in dilute acid pretreated, hard-and softwood slurries. PLS regression models composed of HPLC results and IR spectral data could rapidly predict compounds in reactor slurries online, eliminating tedious wet chemical chromatography analysis. The authors employed attenuated total reflectance to reduce spectral interference from water. In a similar study, Rodrigues et al. used FTIR/PLS for the quantification of monomeric sugars in E. globulus (R 2 =0.83-0.94) [219] . The authors also extended a previously developed univariate analysis method for E. globulus lignin to monosaccharides using 12 spectral peaks between 800 and 1,800 cm −1 for calibration (R 2 =0.81-0.93). FTIR and Raman spectroscopies were used for the identification of substances extracted from plants [158] , the determination of the degree of substitution after carboxymethylation of non-starch polysaccharides [213] , changes in the chemical structure of softwood cellulose paper after hydrothermal degradation [154] , and the monitoring of ethanol production for process and quality control [160] . In this latter study, glucose, ethanol, and optical density were simultaneously detected. Prediction errors were higher in Raman spectroscopy models (PLS, PCR) due to inefficient Raman scattering from the cultures. Nonetheless, this study illustrates the applicability of the marriage of IR and Raman spectral data for rapid process control.
The structure of lignin has been assessed using FTIR spectroscopy [61, 67, 69, 89, 90, 202, 204, 220] . FTIR allowed the identification and characterization of the regeneration of lignin from pine and Eucalyptus, following IL pretreatments [61] . Different ILs were studied, and the authors determined that lignin could only be regenerated from those using chloride anions, and that 1-butyl-3-methylimidazolium chloride provided a regenerated lignin with the highest aromatic content. The use of 1-ethyl-3-methylimidazolium chloride resulted in regenerated lignin with the highest thermal stability. Therefore, depending on the lignin application, an appropriate IL can be selected to maximize ideal properties. Lignin, isolated from sugar cane and curaua by acidolysis, was classified using FTIR to understand the mechanism involved in a newly developed technique for natural fiber production [67] . Bermello and coauthors characterized the acid insoluble lignin isolated from Eucalyptus pellita, Eucalyptus citriodora, and Eucalyptus saligna [202] . Other applications of FTIR to lignocellulosic biomass include studies of cellulose crystallinity after pretreatment [88] , biooil composition following pyrolysis of a biopolymer/polypropylene blend [45] , rapid plant root compositional analysis using diffuse reflectance mid-IR spectroscopy [212] , and the identification of volatile substances following devolatilization of pine wood, wood pellets, olive stones, and hazelnut shells [203] .
FTIR has begun to show promise as a high-throughput technique. Although many of the cited examples explore qualitative biomass characterization, a few studies have shown the utility of FTIR for rapid quantitation and process control. FTIR coupled with chemometrics enables reduction in analysis time and cost, robust prediction models, and with fiber optics, remote and online sensing.
Near-Infrared Spectroscopy (∼700-2,500 nm) NIR has become pervasive in the literature during the last decade or so [24, 29, 41, 53, 63, 116, 200, 215, due to the simplicity of the instrumentation and sample handling as often samples are measured with virtually no preparation, and its nondestructive, high-throughput, and process analytical capabilities [29, 113, 122, 129, 215, 217, 248, 254] . Unlike Raman or mid-infrared spectra that characterize fundamental vibrational modes, the combination and overtone bands associated with C-H, N-H, O-H, and S-H moieties measured in NIR spectra are subtle and require deconvolution typically through the use of chemometrics, to aid in extracting useful parameters [108, 109] . This lack of distinct features arises from the fact that spectral overtone and combination bands are much weaker in intensity than fundamental vibrational modes. NIR applications for environmental, food, and wood and paper analysis have previously been reviewed [116, 248, 254] .
One of the main applications of NIR has been the development of biomass composition prediction models. Standard techniques, such as the two-step acid hydrolysis [20] , are coupled with NIR spectral data, producing robust calibration matrices capable of predicting future sample metrics, eliminating the need to perform laborious wet chemical techniques on all samples. These models rapidly screen large sample sets of different feedstocks. NIR coupled with PCA and PLS regression enabled the identification of outliers in rice and Arabidopsis cell wall mutants [245] . Mahalanobis distances were calculated (a measurement of how close a sample lies to the calibration mean) to determine sample set outliers. Monosaccharide analysis was performed using trifluoroacetic acid hydrolysis and high-performance anion exchange chromatography. These standard data were conjoined with NIR spectral data for PLS regression generating a 206 sample calibration set. Correlation between the experimental and predicted monosaccharide content was 0.98. NIR and canonical variance analysis was employed to classify the heart-and sapwood of eight eucalypt species [63] . The authors show the screening utility of NIR without biochemical data. After comparing to compositional data, outliers were postulated to represent samples with high carbohydrates and low lignin.
A similar analysis was performed for the compositional analysis of 508 commercial hybrid corn stover samples to gauge variability between samples grown throughout the Midwest USA [247] . Standard wet chemical techniques were performed on 77 feedstocks, and PLS regression was employed to predict the composition of the remainder, using 13 chemical components. Analysis of variance revealed the three largest sources of variation between the samples were due to harvest year, location, and genetic variety. Variations of these techniques are increasingly prevalent throughout the literature, depicting the competency of NIR to screen a multitude of samples rapidly and accurately for key characteristics and environmental conditions in the development of second generation biofuel feedstocks. In addition to rice [245] , Arabidopsis [245] , and corn stover [29, 53, 242, 247, 249, 251] , applicability of NIR for compositional analysis has also been investigated using switchgrass [29, 233, 234, 244] , Eucalyptus [63, 200, 222, 224, 229, 240, 241, 243, 246] , rice straw [231] , wheat straw [29] , flax [41] , hemp [41] , kenaf [41] , palm [41] , sugarcane [41] , cotton [41] , conservation grasslands [221] , loblolly pine [232, 253] , and aspen [250, 253] to name a few.
Other NIR screening techniques have rapidly provided information that would have previously been quite laborious to achieve. One arena NIR has had a major impact upon is the understanding of natural and engineered genetic variation among feedstocks. Stackpole and coauthors studied natural genetic variance in chemical composition between 467 E. globulus trees [246] . NIR was also applied to cellulose content prediction in Eucalyptus nitens [243] . The authors found their technique to accurately select improved genotypes with respect to cellulose content, enabling a rapid analysis of tree breeding.
Radial variation in kraft pulp yield (KPY) and cellulose content of three E. globulus plants, grown at sites exhibiting different annual rainfall, were studied using NIR [226] . Linear correlation with standard techniques showed good agreement (R 2 =0.86 for KPY, 0.91 for cellulose content). The authors determined that wood samples from the cambium had up to 8 % higher potential KPYs than in the pith. Sites with more rainfall provided higher KPY and cellulose contents.
Temporal and spatial variation among switchgrass populations was studied by Schmer and coauthors [244] . Effects of chemical composition and variation on theoretical ethanol yields were predicted and calculated. Ten fields were compared, with varying average rainfall and temperature, and harvest year differences. The authors determined that drought conditions increased hemicellulose content. Field-to-field variation significantly affected expected ethanol yields. The authors also concluded that standardizing management practices such as harvest time and method, and fertilization rates could reduce the plant-to-plant variance seen in this study, and suggested that biorefineries test switchgrass before bioethanol production. The effect of crop maturity on corn stover compositional variance was also investigated to determine optimal harvesting and processing methodology to maximize fuel yields [242] . The study revealed decreases in soluble solids and increases in lignin and xylan with increasing maturation. While stalks and husks showed a similar composition, there was greater compositional variance in leaves, temporally. The authors attributed this to the leaf's greater metabolic activity due to photosynthesis. Interestingly, these results did not alter the energy content of the corn stover. The authors concluded that prolonged field collection of stover did not result in diminished value of the plant for combustion but would affect fermentation reactions, since ethanol yields are directly proportional to initial carbohydrate content.
Physical properties, such as air-dry density, microfibril angle, and stiffness of loblolly pine [232] , and the surface longitudinal growth strain and shrinkage of a Eucalyptus hybrid (Eucalyptus urophylla × Eucalyptus grandis) [224] also utilized the predictive capabilities of NIR and chemometrics. Other developments include the successful classification of specific botanical fractions of corn stover using PCA [251] and the effect of drying temperature on wheat straw and corn stover chemical composition [230] . In this latter study, carbohydrate contents were compared when the feedstocks were dried at temperatures between 45 and 100°C. PCA revealed distinct classification capability based upon water content; however, quantitative analysis of sugar profiles conveyed no significant differences when using drying temperatures up to 100°C.
NIR applications extend to process control, including the monitoring of batch pretreatments, enzymatic hydrolysis, and ethanol production [113, 225, 227] . For example, Hames et al. discussed NIR use in dilute acid pretreatments [227] . Researchers could determine when hemicellulose had been efficiently removed from plant cell walls and the biomass was suitably prepared for cellulose enzymatic hydrolysis. NIR applications extended to fermentation monitoring as glucose uptake, biomass formation, ethanol and glycerin production, and acidification were measured using NIR spectroscopy and standard methods [225] . A PLS model predicted these parameters in fermentation liquors, revealing high correlation (R 2 =0.976-0.998). Novel techniques for lignin analysis have been developed using NIR [24, 222, 240, 241, 250, 252] . Klason analysis of loblolly pine lignin was compared to lignin content determined from a PLS regression model [252] . Synthetic wood mixtures, containing blends of MWL and holocellulose, were also studied. Strong linear correlation between standard techniques and PLS predictions were measured. Lignin S/G ratios were successfully predicted using a combination of pyrolysis GC-flame ionization detector coupled with NIR spectra and PLS. Optimal spectral preprocessing methods were developed, resulting in a R 2 of 0.97 [222] .
These applications demonstrate the appeal of NIR coupled with chemometrics as an invaluable tool for screening biomass for optimal traits that will translate to higher fuel yields, for monitoring processes in real time, such that analysts can quickly identify complications during reactions rather than upon completion, and for determining useful structural parameters such as lignin S/G ratios. Hames et al. further illustrate the power of NIR by comparing the cost/sample for their NIR technique, $10/sample, to the cost using standard analytical methods, $800-2,000 [227] . The high-throughput attributes of NIR permit the efficient, rapid screening of multitudes of potential feedstocks. The straightforward, economic instrumentation and simplicity of sample handling should herald further NIR research, allowing researchers to catalogue higher numbers of plants than with solely standard/wet chemical techniques.
Fluorescence Spectroscopy
The viability of fluorescence spectroscopy has been explored for studying biomass non-destructively [125, 165, 204, 214, 236, 237, [255] [256] [257] [258] , as there is relatively little sample preparation required and the instrumentation is inexpensive, capable of on-or offline methodology, and can be fieldportable. Fluorescence spectroscopy measures the emission of electromagnetic radiation after a molecule has been excited to higher energy levels. Although this technique is more sensitive than some analytical instruments, fluorescence spectroscopy requires the presence of a fluorophore, whether intrinsic to the molecule, or through analyte labeling with a highly fluorescing species. Albinsson et al. studied the origins of lignin fluorescence [255] . Phenylcoumarone was identified as a likely acceptor during an energy transfer, resulting in fluorescence. A similar study probing the source of lignin fluorescence found biphenyls, coniferyl alcohol, and stilbenes to be prospective sources contributing to a broad fluorescence lignin peak [258] .
Cellulose is not an intrinsically fluorescent substance. Studies of the causes of cellulose fluorescence have shown that solid state cellulose lends to higher fluorescence, and that compounds present in minute quantities, such as dityrosine, an amino acid involved in lignification, and cinnamic acids, might be fluorophore sources [256] . Fluorescence spectroscopy of bleached pine kraft pulps revealed an initial increase in fluorescence as peroxide bleaching progressed, due to removal of carbonyl moieties at 270 or 350 nm excitation, followed by a decrease in pulp fluorescence at 430 nm excitation due to carbonyl group formation after O 2 and O 3 delignification [257] . Fluorescence spectroscopy coupled with multivariate analysis (PCA and PLS) was used as a process analytical tool in the study of poplar and Northern red oak [236, 237] . Calibration and prediction models were developed for chemical and physical properties such as ash and extractive content, total lignin, and estimation of total holocellulose. The fluorescence models were compared to those generated from NIR analysis of identical samples. While the NIR models provided more accurate sample parameter predictions, fluorescence spectroscopy was suitable for the rapid screening and approximate calibration of biomass properties (R 2 =0.59-0.86) with the exception of holocellulose (R 2 =0.1-0.37). Fluorescence spectroscopy has been used to study lignin contents of raw and ammonium fiber explosion pretreated rice straw [165] . Spectral data were coupled with sugar yields determined by HPLC to produce a PCR model. The fluorescence analysis did not exhibit good correlation with sugar yield, and the authors concluded that this could be due to residual lignin fragments in the plant cell wall and molecules such as cutin, suberin, sporopollenin, and cellulose continuing to fluoresce. Lignin, isolated from spruce and poplar, and a synthesized lignin model dehydrogenative polymer (DHP) were also studied using fluorescence spectroscopy [204] . Identical emission peak maxima indicated a structural similarity between the two trees and the DHP, confirming the applicability of using this DHP as a model compound. Intensity differences between the peak maxima resulted from differences in fluorophore structural arrangement within the polymers. Shifts in peak position between the DHP and woods were due to analyte microenvironment differences. Laser confocal fluorescence microscopy allowed the imaging of cellulose and lignin content in untreated and IL-pretreated switchgrass [214] . Cell wall swelling and dissolution of the biomass were visualized without the use of standard staining or embedding imaging techniques.
Lastly, a high-throughput analysis of fermentations in microtiter plates using fluorescence spectroscopy was developed by Samorski [259] and advanced by Kensy et al. [260] . This latter work describes the use of a measurement device entitled "BioLector" to screen a variety of media conditions by monitoring NADH spectral intensity increases, as well as strain screening, promoter characterization, an evaluation of operating conditions, and the development of a soluble fluorescent pH indicator for online determinations of fermentation pH. The results of a later study confirmed agreement between bench-and laboratory-scale reactions [261] . To achieve higher throughput, the BioLector was integrated with a liquids handling robot [262] .
Ultraviolet-Visible Spectrophotometry
Ultraviolet-visible spectrophotometry (UV-VIS) enables the nondestructive determination of a molecule's electronic transition to higher energy levels through the absorbance of light [125] . Quantitative analysis can be achieved using Beer's law, which shows a linear dependency of concentration and absorbance for dilute samples. Although UV-VIS spectrophotometry is typically used in conjunction with wet chemical techniques, a few recent developments are worth noting. Masuko and coauthors developed a high-throughput microplate technique for carbohydrate analysis using the phenol-sulfuric acid colorimetric method [263] . The scaled-down technique maintained high sensitivity and was less time consuming than standard methods. Extracted and isolated lignin from corn, alfalfa, bromegrass, and loblolly pine was used as a standard in the acetyl bromide spectrophotometric technique [11] . Lignin contents were found to be similar to those obtained from Klason lignin analysis. A simplified spectrophotometric technique for lignin quantitation of biomass dissolved in ionic liquids included measuring a solution of dissolved biomass at 440 nm, using an extinction coefficient found from analyzing an ultrapure, organosolv-isolated lignin and using Beer's law [208] . The authors used FTIR to aid in selecting an appropriate standard to quantify lignin in unknown samples. Finally, UV spectra were used to gauge wheat straw lignin after an alkaline peroxide treatment [89] .
Nuclear Magnetic Resonance Spectroscopy
Although NMR spectroscopy is not known as a highthroughput technique, its prevalence in biomass analysis makes it worth including in this review [34, . In NMR spectroscopy, nuclei absorb radiation in the radio frequency range of the electromagnetic spectrum [126, 127] . Analytes are inserted into intense magnetic fields to create the splitting of electronic states necessary for absorption. NMR is described as a nondestructive, noninvasive technique, since the low radiofrequency excitation energy cannot bring about molecular physical/chemical changes, and therefore provides an excellent tool for determining unaltered molecular structures [80] . Quantitation can be achieved since non-overlapped peak areas represent the number of nuclei responsible for the peak, eliminating the need for calibration from pure compounds. However, the instrument cost and time required per sample, and peak overlap have limited quantitative applications. NMR techniques applied to lignocellulosic biomass have previously been reviewed [55, 76, 80] .
Perhaps the most widespread usage of NMR is for lignin molecular structure elucidation [59-61, 63-65, 67-71, 74, 75, 81-87, 89, 90, 93-98, 102, 104] . Yan et al. quantified the S/G/H ratio of four varieties of isolated, ball-milled, switchgrass lignin from the spectral region between 102.5 and 162 ppm using 13 C NMR [92] . The effect of isolation technique on pine kraft lignin structure was investigated using 2D NMR [56] . 2D NMR correlates the chemical shift of one kind of nucleus with a like (homonuclear) or differing (heteronuclear) nucleus, resulting the ability to resolve overlapping peaks [80] . This technique has led to a variety of applications where 1D NMR resulted in insufficient spectral resolution. After detailed structural analysis, the authors determined that residual lignin was less structurally altered relative to dissolved lignin. Vinyl ether structures were present in dissolved, but not residual lignin, while stilbenes were also noticeably lower in residual lignin. The authors concluded that chemical changes within lignin fibers are limited, and that changes in residual lignin structure during pulping were due to a reduction in reactive moieties and concomitant increase in low-reactive structures. A similar technique elucidated the structure of and quantified the S/G/H ratio of E. grandis MWL [60] . The structure of this lignin was compared to other hardwoods. A previous study by these authors illustrated the use of multiple NMR techniques to quantify lignin structures in spruce MWL [59] . Whole lignin fractions were, for the first time, analyzed using non-degradative cell wall dissolution and 2D NMR [100, 101] . These non-degradative, solubilization techniques can be applied to polysaccharides and provide a clear picture of unaltered plant cell walls. 2D NMR difference spectra were employed to provide well-resolved spectral assignment of commonly overlapped peaks of unlabeled and 13 C-labeled Gingko biloba DHPs [102] . Santos et al. probed structural variation among ten hardwood MWLs [87] . A new technique for S/G quantitation was developed by calibrating the ratio of syringaldehyde/vanillin using nitrobenzene oxidation to that determined with 13 C NMR. Structural changes in E. globulus wood chips, after steam explosion, and treatment with a laccase-mediator system were determined using 2D and 13 C NMR [93] . Increases in COOH and phenolic OH, and decreased β-O-4 moieties, were found after steam explosion. The degree of condensation and secondary OH groups were detected following incubation with laccase. Various NMR methods were employed to evaluate switchgrass MWL before and after dilute acid pretreatment [86] . The authors confirmed spectroscopically that this was S-G-H lignin and found that the S/G ratio decreased from 0.80 to 0.53 following acid pretreatment. The factors causing the overestimation of lignin content for mass balance closure, following the dilute acid pretreatment of corn stover, were examined [71] . The authors hypothesized that sugars and extractables may be the interferents causing lignin overquantitation. Pinto et al. showed that a variety of eucalypts, although considered angiosperms (S/G lignin), contained small amounts of H lignin [94, 96] . The linkages between polysaccharides and lignin were studied using model compounds ethyl ferulate (FA) and coniferyl alcohol (CA) [104] . Cross-coupled products were isolated and characterized using 2D NMR. The results revealed that these compounds readily coupled via free radical mechanisms, forming a variety of linkages and products. The authors also establish, for the first time, the transesterification of 8-β-coupled FA/CA hydroxyl esters into lactones. Lignins isolated from fruit and vegetable fiber [58] , corn stover [65, 71, 75] , wheat straw [64, 89, 90] , sugarcane and curaua [67] , loblolly pine [69] , birch [68, 78] , spruce [59, 70] , Eucalyptus [61, 83, 84, 94] , and Arabidopsis [74] , to name a few, have also been structurally characterized.
NMR has also been used in the structural analysis of cellulose [34, 55, 66, 69, 72, 77, 79, 88] . Atalla and VanderHart reviewed the use of solid state 13 C NMR for native cellulose [55] . Solid state 13 C NMR has been commonly used for determination of cellulose crystallinity. Park et al. deconvoluted the C4 carbon peak as measured by 13 C NMR cross-polarization magic angle spinning (CP-MAS), since the peaks at 89 and 84 ppm correspond to ordered and disordered structures, respectively. The CrI was calculated by dividing the area of the 89 ppm peak by the total C4 peak area [79] . The CrI of switchgrass was measured, before and after cellulose-solvent-based pretreatment, using 13 C NMR CP-MAS [88] . The authors also used NMR to conclude that fast hydrolysis rates and high glucan digestibility were attributable to greater substrate accessibility to cellulase following cellulose dissolution. Four species of Agave were investigated using 13 C NMR CP-MAS in order to characterize cellulose [72] . Cellulose crystallinity was determined using a two-peak integration of the C4 region, while a seven-peak nonlinear line-fit analysis of the C4 region was used to determine relative amounts of cellulose allomorphs and fibril surface. The authors concluded that agave crystallinity was similar to that of switchgrass, and that paracrystalline cellulose comprised over 50 % of the total crystalline cellulose.
Lastly, NMR has been employed for the structural elucidation of whole biomass [34, 57, 62, 63, 73, 76, 78, 92, [99] [100] [101] . Applications include the 13 C NMR CP-MAS measurement of various tropical hardwoods and comparison of relative carbon abundance [78] , and the correlation of NIR Raman spectral interpretation of a hardwood, softwood, and herbaceous feedstock to facilitate vibrational mode assignment and deduce likely sources of anomalous peaks [73] . 2D NMR enabled the structural characterization of eucalypts and calculation of the relative abundance of inter-lignin linkages and S/G ratios [62, 63] . Hedenström and coauthors developed a novel multivariate analysis technique using 2D NMR and soft independent modeling of class analogy. The model allowed lignin and polysaccharide cell wall alterations in poplar wood to be elucidated, without requiring the selection of representative peaks from complex spectra. Characteristic differences in lignin, hemicellulose, and cellulose were readily measured, validating the applicability of the technique. The model was extended to transgenic poplar, where the degree of pectin methylesterification had been modified. These changes, previously arduous to detect spectrally, were accurately predicted by the authors' model. Bardet et al. used 13 C solid state NMR for the analysis of decayed or waterlogged archaeological woods [57] . The authors achieved quantitation of the water, lignin, and cellulose content of wood from medieval canoes. Mansfield et al. reported a novel technique for studying whole plant cell walls using non-degradative preparation and solubilization, and 2D NMR [101] . The authors' technique is compared to a variety of common, deconstruction methods used for biomass compositional analysis such as thioacidolysis, nitrobenzene oxidation, and derivatization followed by reductive cleavage that tally only a small fraction of the total lignin.
Conclusions
The review provides an overview of how analytical spectroscopy has been utilized to qualitatively assess biomass for quintessential biofuel traits such as cellulose or lignin content, and quantitatively measure values such as glucose or ethanol production. Many ubiquitous standard methods suffer from tedious sample preparation, long and expensive analysis, and in general, the inability to screen sizeable plant sample sets. High-throughput techniques that can reliably predict biomass characteristics are mandatory to ensure that second generation feedstocks possessing significant attributes for biofuel production are isolated. Vibrational spectroscopy has become an accomplished analytical tool for rapid, biomass screening. However, these techniques systematically rely upon calibrating spectral data with standard methods to produce chemometric models. Comfortable dependence on these prediction models requires robustness levels such that samples inserted directly or well after the model's construction yield statistically similar results. Many spectroscopic applications illustrated here show promise for attaining high-throughput analysis of biomass, exhibiting large reductions in time and costs associated with the techniques. As this field progresses and researchers carefully produce validated calibration models capable of high accuracy, regardless of slight sample and instrumental variation, superior screening of dedicated bioenergy crops for traits enabling maximum fuel production can reduce global dependence on nonrenewable fuels.
